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Abstract Coronal mass ejections (CMEs) are the major space weather drivers, and an accurate
modeling of their onset and propagation up to 1 AU represents a key issue for more reliable space
weather forecasts. In this paper we use the newly developed EUropean Heliospheric FORecasting
Information Asset (EUHFORIA) heliospheric model to test the eﬀect of diﬀerent CME shapes on
simulation outputs. In particular, we investigate the notion of “spherical” CME shape, with the
aim of bringing to the attention of the space weather community the great implications of the
CME shape implementation details for simulation results and geoeﬀectiveness predictions. We
take as case study an artiﬁcial Earth-directed CME launched on 6 June 2008, corresponding
to a period of quiet solar wind conditions near Earth. We discuss the implementation of the cone model
used to inject the CME into the modeled ambient solar wind, running several simulations of the event
and investigating the outputs in interplanetary space and at diﬀerent spacecraft and planetary locations.
We apply empirical relations to simulation outputs at L1 to estimate the expected CME geoeﬀectiveness in
terms of the magnetopause stand-oﬀ distance and the induced Kp index. Our analysis shows that talking
about spherical CMEs is ambiguous unless one has detailed information on the implementation of the CME
shape in the model. All the parameters specifying the CME shape in the model signiﬁcantly aﬀect simulation
results at 1 AU as well as the predicted CME geoeﬀectiveness, conﬁrming the pivotal role played by the
shape implementation details in space weather forecasts.
1. Introduction
Coronal mass ejections (CMEs) consist of large-scale eruptions of magnetized plasma from the Sun, and they
are considered to be the major drivers of space weather disturbances (Gosling, 1993; Koskinen & Huttunen,
2006). They are extremely common events occurring on a daily basis during solar maxima. Above all,
Earth-directed CMEs are by far themost important ones in terms of spaceweather implications and eﬀects on
Earth (Michałek et al., 2006; Webb et al., 2000). When impacting on Earth, they can have both direct eﬀects on
speciﬁc industry sectors, such as electric power supply, spacecraft and aviation industries, and indirect eﬀects
ondependent infrastructures and services, such as positioning andnavigation systems, electrical power grids,
and oil and gas pipe lines (see Schrijver, 2015, and references therein). In the attempt to predict such events
and to be able to take protective measures, the international community eﬀorts are devoted toward the
development of models capable to provide reliable predictions of space weather events and their impact
on geospace.
Amongphysics-basedmodels, ENLIL (Odstrcil et al., 2004) is theonly one that is currently operational andused
by space weather forecasting centers in oﬃcial bulletins (Parsons et al., 2011). Recent advances in the ﬁeld
have been carried out with the development of the EUHFORIA (EUropean Heliospheric FORecasting Infor-
mation Asset) heliospheric model (Pomoell & Poedts, 2018). Both models employ a cone CME model similar
to that of Odstrcil et al. (2004), treating the CME as a hydrodynamic cloud characterized by a self-similarly
expanding geometry as the CME evolves in the upper corona, that is, having a constant angular width, prop-
agation direction, and speed (St. Cyr et al., 2000; Xie et al., 2004). The current main limitation of such models
is the inability to reliably predict the Bz component at Earth (Jin et al., 2017; Shen et al., 2011; Shiota &
Kataoka, 2016). On the other hand, the simplicity of the assumed CME geometry makes such models easy
to use, e.g., a restricted number of CME input parameters is needed. Such models also provide a very stable
running environment. These characteristics, combined with a robust statistics in CMEmodeling accumulated
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in more than a decade of use by prediction centers, make this kind of models particularly suitable for routine
use in space weather prediction operations.
In thisworkweuse the EUHFORIAmodel described by Pomoell and Poedts (2018) to test the eﬀect of diﬀerent
CME shapes on simulation outputs, in particular on the dynamics of CMEs in the inner heliosphere. This
paper discusses the implementation of CME shapes in the model, in particular investigating the notion of
“spherical” CME shape and the various alternative implementation approaches that are possible. In fact,
despite the extensive use of simulations involving spherical CMEs by the space weather community for both
scientiﬁc and prediction purposes, the deﬁnition of a “spherical” CME shape in 3-D simulationmodels appears
to be ambiguous. In works using simulations in support of observational evidences, this ambiguity seems
to pass unnoticed, and the use of a generic spherical or “conical” CME shape is often mentioned—without
reference to the shape implementation details (see, e.g., Mays et al., 2015; Na et al., 2013; Patsourakos et al.,
2016; Vršnak et al., 2014). The aim of this work is to point out how the concept of “spherical shape” in CME
models can be interpreted in diﬀerent ways, i.e., can be implemented diﬀerently in 3-D simulations. Diﬀerent
implementations result in diﬀerent CME shapes in interplanetary (IP) space, each of them leading to diﬀerent
simulation results having potentially signiﬁcant implications for space weather predictions. The ﬁnal goal
of this work is that of bringing to the attention of the space physics community the implications of shape
implementation details for simulation results and resulting space weather predictions, encouraging users to
approach models in a more responsible way and to be conscious of the role of implementation details on
simulation outputs. Previous works discussed the eﬀect of other parameters such as the CME density and
the CME velocity, and the background solar wind in similar models, for example, ENLIL (see, e.g., Mays et al.,
2015; Taktakishvili et al., 2009, 2010). In particular, Taktakishvili et al. (2010) estimated an average error of
± 6 hr on the CME arrival time at Earth. To the best of our knowledge, however, no publications discussing the
implementation details of the CME shape in models similar to EUHFORIA exist.
The paper is structured as follows: Section 2 contains a technical description of themodel and of the diﬀerent
spherical CME shape implementations considered. Section 3 describes the simulation setup and the artiﬁ-
cial CME event used as case study, together with the details of the diﬀerent runs performed. In section 4 we
present a discussion of the results, including an estimate of the impact of diﬀerent shapes ongeoeﬀectiveness
predictions. Conclusions are drawn in section 5.
2. CME Modeling With EUHFORIA
EUHFORIA (EUropean Heliospheric FORecasting Information Asset) is a newly developed 3-D magnetohy-
drodynamics (MHD) heliospheric model designed for space weather research and prediction purposes. It is
composed of two parts: (1) a semi-empirical coronalmodel up to 0.1 AU and (2) a 3-DMHDmodel of the inner
heliosphere from 0.1 AU to 2 AU. The semi-empirical coronal model used in this work takes as input synop-
tic maps of the photospheric magnetic ﬁeld and computes the solar wind plasma parameters at 0.1 AU by
constructing a magnetic ﬁeld model of the coronal large-scale magnetic ﬁeld and employing empirical rela-
tions to determine the plasma state at the heliospheric inner boundary. The solar wind speed vsw = v(f , d)
is determined completely by the properties of the global 3-D coronal magnetic ﬁeld, namely, the ﬂux tube
expansion factor f and the distance of the foot point of the ﬂux tube to the nearest coronal hole boundary d,
as described in Pomoell and Poedts (2018). The solar wind plasma andmagnetic parameters computed by the
coronal model are then used as boundary conditions to drive a 3-D time-dependent MHDmodel of the inner
heliosphere. CMEs are injected into the ambient solar wind modeled using a cone model approach similar to
that used by Odstrcil et al. (2004), with CME input parameters that can be obtained from ﬁts to observations.
The heliospheric computational domain extends from 0.1 to 2 AU in the radial direction, ranging between
−60∘ and +60∘ in latitude, and −180∘ and +180∘ in longitude.
While a detailed description of the model is given by Pomoell and Poedts (2018), in this work we discuss
the deﬁnition of CME shapes in EUHFORIA, focusing in particular on the notion of spherical shape and its
implementation in the model. Throughout this work we use a cone model where the CME is described as
a hydrodynamic, uniformly ﬁlled cloud (i.e., density, pressure, and speed are constant within the CME) char-
acterized by a spherical shape. Several cone models have been proposed over the years, mainly as tools to
obtain the 3-D parameters of CMEs observed from coronagraphs, for example, SOHO/LASCO or STEREO/COR
(see, e.g., Michałek et al., 2006; Xie et al., 2004; Xue et al., 2005; Zhao et al., 2002). In such models, the CME
is assumed to have a constant width as it propagates in the corona. In EUHFORIA we initialize the CME body
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Figure 1. CME radius deﬁnition: 2-D cut passing through the CME center, showing its radius as deﬁned by equation (1)
in blue (left) and equation (2) in green (right), for a CME initialized with a half width 𝜔∕2 = 45∘ . The snapshots are taken
at time t = t1∕2 when the CME is halfway through the inner boundary. The yellow circle marks the heliospheric inner
boundary at 21.5 Rs = 0.1 AU.
at the height corresponding to the heliospheric inner boundary, that is, at 0.1 AU, and we use the angular
width determined from observations to determine the CME radius at the inner boundary. Since the CME is
initialized as having a spherical or quasi-spherical shape in EUHFORIA, the cone model used in this work is
similar to the “full ice cream cone model” described in previous works (see, e.g., Gopalswamy et al., 2009;
Na et al., 2017; Xue et al., 2005). The spherical CME shape is obtained by slicing the CME body as it passes
through the heliospheric inner boundary, that is, stacking the slices in time. Its cross section at the inner
boundary is assumed to be circular as in a spherical conemodel. Using the notation from Xie et al. (2004), this
corresponds to have a CME characterized by a single axis a = b (see equation (6) in their work), which also
coincides with the CME radius. Once the CME starts being inserted in the heliospheric domain, i.e., once its
nose reaches the distance of 0.1 AU, the radius of the CME is calculated as a ﬁxed quantity and the CME is not
allowed to expand anymore.
Despite being extensively usedby the spaceweather community sincemore than a decade, the deﬁnition of a
spherical CME shape in 3-Dmodels appears to be vague. In EUHFORIA, CMEs are inserted as time-dependent
boundary conditions at the heliospheric inner boundary, and the implementation of their shape is related to
the deﬁnition of the following parameters: (a) the CME radius; (b) the inner boundary time proﬁle of the CME
during insertion into the heliospheric domain; and (c) the way the points on the inner heliospheric bound-
ary at 0.1 AU are determined as belonging to the CME or not, at a given time during the insertion period.
These parameters are further discussed below.
2.1. Deﬁnition of the CME Radius
In cone models, the ﬁrst parameter entering the deﬁnition of a CME shape is its radius, which can be deﬁned
given a certain angular width set by the user as input parameter. In the cone model implemented in EUHFO-
RIA, the radius of the CME, r1∕2, is evaluated once the CME starts crossing the heliospheric inner boundary,
and it is kept ﬁxed afterward. It is deﬁned by the equation (Pomoell & Poedts, 2018)
r1∕2 = R ⋅ tan
(
𝜔
2
)
, (1)
where 𝜔 is the CME angular width and R is the distance of the heliospheric inner boundary, namely 21.5 Rs
= 0.1 AU. An illustration is provided in the left panel of Figure 1. An alternative deﬁnition of the CME radius
using the cone model can be derived from earlier works (Xie et al., 2004; Zhao et al., 2002) as
r1∕2 = R ⋅ sin
(
𝜔
2
)
. (2)
An illustration is provided in the right panel of Figure 1. Figure 1 shows how, given the same CME half width as
input, theCME results in diﬀerent sizes dependingonwhich radius deﬁnition is used; in particular, equation (2)
produces a smaller CME than equation (1). Furthermore, it is clear that only equation (2) is mathematically
consistent with a conemodel description, as in this case the CME shape perfectly ﬁts the cone deﬁned by the
half angular width 𝜔∕2.
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Figure 2. Opening angle in time: comparison between a spherical coronal
mass ejection (red line) and a spheroidal-like coronal mass ejection (blue
line) pushed through a planar boundary.
Note that with this deﬁnition the CME radius depends only on the CME
angularwidth𝜔 andon thedistanceRof the inner boundary from the solar
center; it is independent of the CME time proﬁle during insertion aswell as
from the distance deﬁnition used at the inner boundary to determine the
points belonging to the CME body.
2.2. Opening Angle in Time
Once the CME radius has been determined and the CME has started
crossing the heliospheric inner boundary, its shape is deﬁned as a
time-dependent boundary condition characterized by a certain time
proﬁle. When pushing the CME through the boundary with a constant
speed vCME, one can determine the half time t1∕2, which is the time it takes
the CME to traverse halfway through the boundary as
t1∕2 =
r1∕2
vCME
. (3)
Note that t1∕2 is calculated starting from t = 0, deﬁned as the time at which the CME leading edge reaches
the heliospheric inner boundary. One can then deﬁne a time proﬁle called opening angle as the angle sub-
tended by the CME intersection with the inner boundary surface during insertion in the heliospheric domain.
In EUHFORIA, the default opening angle proﬁle is deﬁned as (Pomoell & Poedts, 2018)
𝜃(t) =
(
𝜔
2
)
⋅ sin
(
𝜋
2
⋅
t
t1∕2
)
, (4)
corresponding to the time proﬁle of a spheroidal CME pushed through a boundary of planar geometry at a
constant speed. In this notation, t is calculated starting from t = 0, deﬁned as the time at which the CME
leading edge reaches the heliospheric inner boundary. A spherical object crossing a planar surface, however,
would be characterized by the following time proﬁle:
𝜃(t) =
(
𝜔
2
)
⋅
√
1 −
( t − t1∕2
t1∕2
)2
, (5)
which corresponds to the case of a spherical CME crossing a planar boundary at constant speed. Figure 2
compares an opening angle describing a spherical CMEpushed through a planar boundary (equation (5)) and
an opening angle describing a spheroidal-like CME passing through a planar boundary (equation (4)).
Such proﬁles hold for a spherical- and a spheroidal-like object crossing a planar surface and therefore do not
take into account the intrinsic spherical nature of the inner boundary surface. To do so, one should in fact
consider the time proﬁle of a sphere crossing a spherical surface at a constant speed. In this case, by deﬁning
the CME radius by means of equation (1) or equation (2), one can determine the distance of the CME center
from the solar center as function of time, as
Rc(t) = t ⋅ vCME + R − r1∕2, (6)
from which one can determine the CME opening angle in time as
𝜃(t) = arccos
(
Rc(t)2 + R2 − r21∕2
2 ⋅ Rc(t) ⋅ R
)
(7)
using the cosine rule.
Figure 3 shows a comparison of the opening angle in the case of a sphere intersecting a planar boundary
(left column) or a spherical boundary (right column), at two diﬀerent times: 0 < t < t1∕2 (top row) and
t1∕2 < t < ttot (bottom row), where ttot is the total time it takes to push the CME through the inner boundary.
Figure 4 shows the opening angle in time for spherical CMEs characterized by diﬀerent half widths, crossing
a planar or a spherical boundary as discussed above. One can notice that in the planar boundary case the
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Figure 3. Opening angle 𝜃(t) at two diﬀerent times: 0 < t < t1∕2 (top row) and t1∕2 < t < ttot (bottom row), for a given
width 𝜔 and speed vCME. (left column) 𝜃(t) in the case of a sphere crossing a planar boundary as deﬁned in equation (4).
(right column) 𝜃(t) in the case of a sphere crossing a spherical boundary as deﬁned in equation (5). One can observe
that at 0 ≤ t ≤ t1∕2, 𝜃(t) is larger in the case of a sphere crossing a spherical boundary, while at later times 𝜃(t) is larger
in the case of a sphere crossing a planar boundary.
opening angle appears to be symmetric in timewith a peak at t1∕2, corresponding to the timewhen the CME is
exactly halfway through the boundary, while in the sphere through a sphere case the opening angle becomes
asymmetric in time. In this case the peak is always reachedbefore t1∕2, and the skewness of the curve increases
with the CMEwidth, i.e., the eﬀects of the diﬀerent shape implementations are expected to be larger for wider
events. One can also observe that for early times the CME pushed through a spherical boundary has a bigger
openingangle than in theplanar case,while at later times theCMEhas a smaller openingangle in the spherical
boundary case than in the planar boundary (also observable in Figure 3).
2.3. Determination of the CME Cross Section at the Inner Boundary
As discussed in section 2.2, the CME insertion in the heliosphere is speciﬁed as a time-dependent boundary
condition governed by the opening angle time proﬁle 𝜃(t). During the CME insertion period, the points on
the inner boundary that belongs to the CME are initialized with CME density and temperature values such
that the CME itself is described as a dense, uniformly ﬁlled plasma cloud. The identiﬁcation of CME points is
implemented in the code by imposing the condition d ≤ 𝜃, where d is the angular distance of a point on the
boundary from the CME axis of propagation, at all time steps during insertion. While the proﬁle of 𝜃(t) has
been already discussed above, here we are concerned with the deﬁnition of the angular distance, d, which
relates to diﬀerent geometries, for example, planar and spherical surfaces.
The ﬁrst conﬁguration assumes a spherical CME pushed through a planar heliospheric inner boundary at a
distance of 0.1 AU from the solar center. In this case, the angular distance of a point on the boundary from the
CME axis of propagation is calculated as
d =
√
(cltP − cltCME)2 + (lonP − lonCME)2, (8)
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Figure 4. Opening angle in time as a spherical CME passes through the
boundary. Comparison between the case of a planar boundary (crosses,
equation (5)) and that of a spherical boundary (lines, equation (7)) for
diﬀerent CME half widths for a CME speed vCME = 650 km/s.
CME = coronal mass ejection.
where cltP and lonP are the colatitude and longitude of a generic point P
on the boundary and cltCME and lonCME are the colatitude and longitude of
the center of the CME. If then d ≤ 𝜃, the point is considered to be part of
theCMEand theplasmaproperties of the solarwind (density, temperature,
etc.) are replaced by the plasma properties of the CME. We have consid-
ered this conﬁguration as it corresponds to the one implemented, due to
stability reasons, in operational space weather models.
The above formula holds in the case of an Euclidean geometry, and a
more reﬁned treatment should account for the spherical shape of the
heliospheric inner boundary. In a spherical geometry, the angular distance
between twopoints lyingona sphere canbeobtained from thegreat circle
distance relation. For simplicity, we consider two unit vectors, one in the
direction of the center of the CME (Q⃗) and one in the direction of the point
on the boundary considered (P⃗). Before computing the angle d between
the cartesian coordinates of Q and P, we have to switch from spherical
to cartesian coordinates. Let be Q⃗=(q0, q1, q2) and P⃗=(p0, p1, p2) the unit
vectors in cartesian coordinates. The conversion to spherical coordinates
is then
⎧⎪⎨⎪⎩
q0 = cos(lonCME) ⋅ sin(cltCME)
q1 = sin(lonCME) ⋅ sin(cltCME)
q2 = cos(cltCME),
⎧⎪⎨⎪⎩
p0 = cos(lonP) ⋅ sin(cltP)
p1 = sin(lonP) ⋅ sin(cltP)
p2 = cos(cltP).
(9)
The angular distance between the point P and the CME axis can be then calculated as
d = arccos(P⃗ ⋅ Q⃗) = arccos(p0q0 + p1q1 + p2q2) =
= arccos(sin(cltP) sin(cltCME) cos(lonP − lonCME) + cos(cltP) cos(cltCME)).
(10)
It is clear that equation (10) is diﬀerent from the angular distance relation described by equation (8).
The latter holds in the case of an Euclidean geometry, while in this case we are concerned with the problem
of ﬁnding the distance between two points on a sphere, i.e., in a spherical geometry. Finally, we impose again
the condition d ≤ 𝜃 for the determination of which boundary points are part of the CME. Even from simple
geometrical conﬁgurations it appears obvious that using a diﬀerent calculation for the angular distance as
expressed in equation (10)will result in a diﬀerent CME shape, for example, diﬀerent points P on the boundary
will belong to the CME compared to the planar case.
Tohelp visualizing thediﬀerencebetween the twodistance relations discussed, in Figure 5we showa compar-
isonbetween the angular distance contour levels at the inner boundary obtainedusing equations (8) and (10),
in the case of a CME launched from the solar equator (cltCME = 90∘). One can see how the diﬀerence between
the resulting contours is small but visible. Note that while the error introduced by equation (8) is relatively
modest when CMEs are launched in the equatorial plane (which is the case for all the simulations presented
in the present paper), this error becomes more signiﬁcant for CMEs launched away from the solar equator.
Thismaybeparticularly important for spaceweather predictions at out-of-the-ecliptic locations such as along
the orbits of major upcoming solar missions (e.g., Solar Orbiter and Parker Solar Probe).
2.4. Velocity Initialization at the Inner Boundary
In this work we are considering a spherical or quasi-spherical CME inserted in the heliosphere at the inner
boundary. During the CME insertion period, a velocity mask is applied to the points at the inner bound-
ary belonging to the CME body, such that the CME (spherical or quasi-spherical) shape is preserved as the
CME moves across the inner boundary. In cartesian coordinates, the velocity vector v⃗CME=(v
CME
x , v
CME
y , v
CME
z )
describing the motion of the CME center can be written as
⎧⎪⎨⎪⎩
vCMEx = vCME ⋅ cos(lonCME) ⋅ sin(cltCME)
vCMEy = vCME ⋅ sin(lonCME) ⋅ sin(cltCME)
vCMEz = vCME ⋅ cos(cltCME),
(11)
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Figure 5. CME shape at the heliospheric inner boundary for a CME launched at the solar equator. The contour levels for
the angular distance computed by equation (8) are marked in red, while those from equation (10) are in black. The view
is such that the observer is along the axis normal to the plane and passing through the CME center.
where vCME is the CME radial speed that can be speciﬁed by the user in the CME input ﬁle. Let v⃗P=(v
P
r , v
P
clt, v
P
lon)
be the velocity vector at a point P on the inner boundary belonging to the CME body at a given time t during
the CME insertion period. The velocity components in spherical coordinates will then be
⎡⎢⎢⎣
vPr
vPclt
vPlon
⎤⎥⎥⎦ =
⎡⎢⎢⎣
sin(cltP) cos(lonP) sin(cltP) sin(lonP) cos(cltP)
cos(cltP) cos(lonP) cos(cltP) sin(lonP) − sin(cltP)
− sin(lonP) cos(lonP) 0
⎤⎥⎥⎦ ⋅
⎡⎢⎢⎣
vCMEx
vCMEy
vCMEz
⎤⎥⎥⎦ . (12)
As a result, all the points at the inner boundary belonging to the CME will have a speed vP = vCME, but only
those lying along the CME axis of propagationwill have zero nonradial velocity components v⃗P=(v
P
r , v
P
clt, v
P
lon) =
(vCME, 0,0). Nonradial velocity components are necessarily nonzero for a rigid spherical shape (corresponding
to the CME) to pass through the inner boundary in a mathematically consistent fashion.
3. Test Case Event: Artiﬁcial CME on 6 June 2008
As test case event we simulate an artiﬁcial Earth-directed CME launched from the solar disk center on
6 June 2008 at 00:00 UT. Note that this CME event is entirely hypothetical: no CMEs were observed during
the period we are attempting to model. We select that speciﬁc period as it corresponds to quiet solar
wind conditions in the Earth’s ecliptic quadrant (Temmer et al., 2011); the choice of a quiet solar wind
period is done in order to minimize the eﬀects of CME deformation due to interaction with winds of dif-
ferent characteristics. We decided to retain a realistic solar wind background as opposed to a synthetic
solar wind description so as to have a more realistic environment for the CME to propagate. As input for
the semi-empirical coronal model we use the synoptic standard map generated by the Global Oscillation
Network Group on 6 June 2008 at 02:04 UT, that is, close to the CME insertion time (https://gong.nso.
edu/data/magmap/QR/bqs/200806/mrbqs080606/mrbqs080606t0204c2071_349.ﬁts.gz).
The CME input parameters are presented in Table 1. Such parameters are chosen as to be representative of an
average CME event (Gopalswamy et al., 2014). The CME mass density at the inner boundary is chosen to be
homogeneous and equal to 1 ⋅ 10−18 kg/m3, while the CME temperature is chosen to be also homogeneous
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Table 1
CME Input Parameters Speciﬁed in EUHFORIA
CME input parameters
Passage at 0.1 AU 6 June 2008 00:00 UT
Latitude (HEEQ) latCME = 0∘
Longitude (HEEQ) lonCME = 0∘
Speed at 0.1 AU vCME = 650 km/s
Half width at 0.1 AU 𝜔∕2 = 45∘
Note. HEEQ = Heliocentric Earth Equatorial; CME = coronal mass ejection.
and equal to 0.8 ⋅ 106 K. In the particular case considered, the density ratio within the CME body is approx-
imately 4.0 and the pressure ratio is approximately 5.3 with respect to solar wind background values.
The resulting CME is a uniformly ﬁlled sphere of unmagnetized plasma inserted on top of the solar wind
background magnetic ﬁeld.
In this work we use a uniform grid in all directions, with 256 cells in the radial direction (corresponding to
Δr ≃ 0.0074AU) and a 2∘ angular resolution in latitude and longitude.Wehave chosen this resolution in order
to test the model in an operational framework, i.e., using a resolution similar to that used for daily runs at
prediction centers. To assess thedependenceof our results on the resolution,wehavealso testeda512×2∘×2∘
resolution. Although some diﬀerences exist, the main conclusion is that the results are almost identical when
using 256 and 512 radial grid cells combined with a 2∘ angular resolution. Since EUHFORIA is an operational
model, we have decided to perform this study using the faster, less resolved grid, as it will be most probably
done in future operations.
We test a broad range of radius-opening angle-distance combinations, summarized in Table 2. In addition to
the listed runs, we also perform an additional run simulating the solar wind background only, i.e., without any
CME inserted, in order to compare the plasma in situ parameters associated with the CME passage with those
of the solar wind background. For a CME half-width𝜔∕2 = 45∘ such as that used as input parameter here, the
CME radius calculated bymeans of equation (1) (Runs 1, 3, 5) gives r1∕2 = R = 0.1 AU and a total insertion time
of ttot ≃ 12 hr 47 min. Equation (2) (Runs 2, 4, 6) gives instead a CME radius equal to r1∕2 = R ⋅ 0.7 = 0.07 AU
and total insertion time of ttot ≃ 08 hr 57 min.
Note that the spherical or quasi-spherical CME shape initialized at the inner boundary is immediately lost
after insertion due to the deformation caused by the interaction with the solar wind background, and in
the heliospheric domain the CME never appears as a true sphere (see, e.g., the 2-D snapshots presented
in Figure 6).
Table 2
Summary of the CME Radius-Opening Angle-Distance Combinations Tested, Labeled According to the Run Number
Convention Used in This Work
Summary of the runs performed
Run # CME radius Opening angle Distance relation
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Figure 6. Snapshot of the MHD simulation for Run 1 at 06:02 UT on 8 June 2008. Top row shows the speed, while the
bottom row shows the scaled number density. The left column depicts the solution in the heliographic equatorial plane,
while the right column shows the meridional plane that includes Earth.
4. Results and Discussion
To investigate the in situ properties of the CME in the inner heliosphere, we compare the time series from dif-
ferent runs at speciﬁc planetary and spacecraft locations hit by the CME, namely Mercury, Earth, STEREO-A,
and STEREO-B (hereafter denoted as STA and STB). Figure 6 shows the spacecraft relative positions, projected
on the heliographic equatorial plane, on 8 June 2008 06:03 UT right before the CME arrived at Earth. Mercury
and Earth were in longitudinal conjunction, separated by 0.61 AU in the radial direction; STA and STB were at
−25∘ and 29∘ longitude in Heliocentric Earth Equatorial coordinates respectively. Such spacecraft conﬁgura-
tion allows us to study the CME radial evolution along the Sun-Earth line as well as the CME properties at 1 AU
at three diﬀerent longitudinal locations. In addition, we have investigated the global CME shape in IP space in
order to compare how diﬀerent shape implementations at the inner boundary lead to diﬀerent CME shapes
after insertion in the heliosphere. Finally, to quantify the dependence of CME geoeﬀectiveness predictions
on the shape implementation used, we have used empirical models to estimate the subsolar magnetopause
stand-oﬀ distance and the Kp index at Earth.
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Figure 7. Speed at Mercury, Earth, STA, and STB, as function of time (saved with a 10-min cadence). The curves refer to
the diﬀerent conﬁgurations tested in the simulations listed in Table 2. STA = STEREO-A; STB = STEREO-B.
Note that in the following discussion we have limited our attention to the CME number density and speed
properties in IP space, as conemodels cannot predict the magnetic ﬁeld components and its strength due to
the lack of an internal CME magnetic ﬁeld structure.
4.1. Arrival Times at Diﬀerent Locations
One of the criteria that has to be met by CME prediction models is the capability to accurately predict the
CME arrival time at Earth or at other target locations in the heliosphere. Figures 7 and 8 show the time series
for the speed and number density at Mercury, Earth, STA, and STB, with a 10-min cadence, for the diﬀerent
runs considered. Note that the model uses a variable numerical time step and that when a ﬁxed cadence,
for example, 10 min, is set by the user, the readout time stamp is the one that is closest to the requested
readout cadence.
The CME arrival time is visibly diﬀerent among diﬀerent runs, at all locations (see Table 3). To investigate the
eﬀect of diﬀerent CME shape implementations on the resulting CME-associated disturbance/shock arrival
time at diﬀerent locationsmore easily, we have subtracted the solar wind background from those time series.
The CME arrival time at each location was determined by applying the following threshold condition to the
background-subtracted time series:
vdiﬀ ≥ 20 km/s (13)
Table 3 reports the earliest, latest, and average CME arrival times determined from this threshold condition
at each location considered, together with the relative variations calculated as the ratio between the spread
and the average arrival time at each spacecraft.
Considering the spread in the predicted CME arrival time at spacecraft located near or along the CME axis of
propagation such as Earth and Mercury, we observe that the CME arrival time spread increases from 01:40
at Mercury to 03:20 at Earth, suggesting that, at least for distances within 1 AU from the Sun, the eﬀect of
the CME shape on the arrival time increases as the CME propagates outward in the heliosphere. Note, how-
ever, that while the arrival time spread increases between 0.3 AU and 1 AU, the relative variation, computed
as the arrival time spread over the average CME travel time, decreases. By comparing the spread in the CME
arrival times at Earth with those at STA and STB, we compare the eﬀect in the case of a front encounter, i.e.,
at Earth, with that of a ﬂank encounter, i.e., at STA and STB. In this sense, we observe a clear dependence
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Figure 8. Number density at Mercury, Earth, STA, and STB, as function of time (saved with a 10-min cadence). The curves
refer to the diﬀerent conﬁgurations tested in the simulations listed in Table 2. STA = STEREO-A; STB = STEREO-B.
of the shape eﬀect on the distance from the CME direction of propagation, with spacecraft located signiﬁ-
cantly oﬀ-axis and closer to the CME ﬂanks showing a higher variability of the CME arrival time, depending
on its shape −6 to 9 hr compared to 3 hr at the CME center. Overall, a 2- to 9-hr variability in the CME arrival
time at the considered locations due to the particular CME shape used is within the arrival time prediction
uncertainties at 1 AU of similar and widely used models (see, e.g., Taktakishvili et al., 2009) at most locations.
However, a 6- to 9-hr variability in the CME arrival time at the CME ﬂanks (i.e., STA/STB) is comparable with
the arrival time prediction uncertainties of similar models. Given these results, we consider important to take
into account the eﬀect of the CME shape on arrival times, particularly in the case of ﬂank encounters. These
eﬀects may become even more relevant in the future, should improved prediction capabilities be reached.
4.2. Peak Values and Passage Duration at Diﬀerent Locations
Peak values. The solar wind peak values are key parameters assessing the magnetospheric compression and
geomagnetic activity driven by a CME impacting on Earth. Enhanced solar wind speed, number density, and
magnetic ﬁeld are known to be triggers of geomagnetic storms and have been related to global activity
indices (see, e.g., Newell et al., 2008; Shue et al., 1998). The speed and number density time series resulting
from our simulations show a great variety of proﬁles at diﬀerent radial and longitudinal positions in the helio-
sphere (Figures 7 and 8). Table 4 reports the background-subtracted speed and number density peak values,
Table 3
CME Arrival Time at Diﬀerent Locations
CME arrival times at diﬀerent locations
Mercury Earth STEREO-A STEREO-B
Earliest arrival time 6 June 2008 18:23 8 June 2008 05:23 8 June 2008 13:03 8 June 2008 01:53
Latest arrival time 6 June 2008 20:03 8 June 2008 08:43 8 June 2008 22:23 8 June 2008 07:43
Average 6 June 2008 19:09 8 June 2008 07:26 8 June 2008 19:06 8 June 2008 05:33
Spread 01:40 03:20 09:20 05:50
Relative variation 9% 6% 14% 11%
Note. The relative variation is calculated as the ratio of the spread and the average CME travel time.
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Table 4
Peak Values for the Background-Subtracted Solar Wind Speed and Number Density at Diﬀerent Locations
Mercury Earth STEREO-A STEREO-B
Peak values: speed
Maximum 170 km/s 262 km/s 112 km/s 115 km/s
Minimum 134 km/s 181 km/s 40 km/s 68 km/s
Average 149 km/s 212 km/s 62 km/s 88 km/s
Spread 36 km/s 81 km/s 72 km/s 47 km/s
Relative variation 24% 38% 117% 54%
Peak values: number density
Maximum 119 cm−3 42 cm−3 23 cm−3 24 cm−3
Minimum 74 cm−3 23 cm−3 10 cm−3 4 cm−3
Average 92 cm−3 31 cm−3 14 cm−3 11 cm−3
Spread 45 cm−3 19 cm−3 13 cm−3 20 cm−3
Relative variation 49% 62% 91% 190%
Note. The relative variation is calculated as the ratio of the spread and the average peak value.
together with their relative variation, at the considered locations. The diﬀerences among Runs 1–6 are inter-
preted as primarily due to two eﬀects: (1) the diﬀerent CME radii derived from diﬀerent radius deﬁnitions,
which in turn lead to diﬀerent CME masses, and (2) the diﬀerent distance relations used to determine the
points belonging to the CME at the inner boundary during the CME insertion (see Table 2). The combination
of these two factors results in diﬀerent CME momenta and kinetic energies, which in turn lead to diﬀerent
arrival times and peak values at diﬀerent locations. In this sense, we observe that Run 5, corresponding to a
CME with radius equal to 0.1 AU using a spherical distance relation to determine the CME points at the inner
boundary as expressed by equation (10), results in higher density and speed proﬁles compared to the other
runs. This result points out that the eﬀect of the CME radius deﬁnition is maximized when using a spherical
distance relation at the inner boundary.
Overall, the variation in the background-subtracted speed peak value accounts for 24%–117%of the average
speed at all locations. Concerning the background-subtracted density peak values, the variation is evenmore
dramatic, being in the range 49%–190% and above 62% at all spacecraft orbiting at 1 AU. The comparison
of the values at 1 AU suggests that in situ values measured at locations encountered by the CME ﬂanks are
particularly sensitive to factors such as the CME shape used (the variation is up to a factor of 2 higher at the
CME ﬂanks than at the CME center for both the speed and number density). Moreover, diﬀerent variations
are observable in the case of CME regions propagating in fast and slow solar wind backgrounds, for example,
STB and STA, respectively. This suggests that the spread measured at a given spacecraft location results from
a combination of the eﬀects of the CME shape and the particular solar wind background in which the CME
propagates. At Mercury, the variability of the peak values is lower than at any other position, that is, the solar
wind peak values seem to be less strongly dependent on the CME shape deﬁnition.
CME-driven perturbation duration. Another relevant property for CME geoeﬀectiveness studies is the duration
of the solar wind perturbation observed in situ during and after the CME passage (see, e.g., Cho et al., 2017;
Table 5
Duration of the Solar Wind Perturbation Due to the CME Passage at Diﬀerent Locations
Duration of the CME-driven perturbation at diﬀerent locations
Mercury Earth STEREO-A STEREO-B
Maximum 0 d, 14:10 2 d, 09:00 2 d, 09:20 0 d, 18:00
Minimum 0d, 09:30 1 d, 10:20 1 d, 23:00 0 d, 12:20
Average 0 d, 11:50 2 d, 07:32 2 d, 02:00 0 d, 14:10
Spread 0 d, 04:40 0 d, 22:40 0 d, 10:20 0 d, 05:40
Relative variation 39% 45% 20% 40%
Note. The relative variation is calculated as the ratio of the spread and the average duration.
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Temmer et al., 2017). Applying equation (13) to determine the CME arrival time as well as the end of the per-
turbation, we calculated the duration of the CME-driven perturbation at diﬀerent locations and its relative
variation, reported in Table 5. During and after the CME passage, we found that perturbed solar wind con-
ditions (more than 20 km/s above the background level) can last more than 2 days at 1 AU, with a duration
spread between 05:40 and 22:40 hr depending on the spacecraft considered. Such variability accounts for
20%–45% of the average duration and appears to be strongly dependent on the solar wind background con-
ditions.We note that the duration at STB is on averagemuch shorter than at Earth and STA (14:10 hr compared
to more than 2 days) due to the weak CME signature observed at that spacecraft location. The variability is
about 04:40 hr at Mercury, accounting for 39% of the average perturbation duration.
4.3. Shape in the Heliographic Equatorial Plane
To investigate the CME shape during its propagation in IP space, we can inspect Figure 9, where we have
subtracted the solar wind background from 3-D simulation results. We have then imposed the following
threshold condition:
ndiﬀ ≥ 5 cm−3 (14)
to the background-subtracted scaled number density ndiﬀscaled = n
diﬀ(r∕1AU)2 in order to determine the area
corresponding to the high-density region at the CME front.
Let us focus ﬁrst on the runs that used a planar distance relation (equation (8)) to determine the CME points at
the inner boundary. By visually comparing Run 1 with Run 2, and Run 3 with Run 4, we observe that diﬀerent
radius deﬁnitions do not aﬀectmuch the CME angular extent in IP space, although they aﬀect the radial speed
distribution and peak values. Similarly, comparing Run 1 with Run 3 and Run 2 with Run 4 we observe that
a spherical- or a spheroidal-like opening angle proﬁle (equation (5) or (4) respectively) does not aﬀect much
the global speed and density proﬁles in 3-D space, particularly at the CME front, while some diﬀerences are
visible at the CME trailing edges.
Focusing on the runs that used a spherical distance relation (equation (10)) to determine the CME points at
the inner boundary, we observe that the resulting shape in the case of Run 5 is much wider than in the case
of Run 6, implying that the CME radius deﬁnition used is particularly important when a spherical distance
relation is used.
Comparing now runs using a planar and spherical distance relation at the inner boundary, we observe that in
the case of runs using equation (2) for the CME radius and a planar distance relation (Runs 2 and 4), the global
CME shape, particularly in the leading part, is very similar to the shape obtained in the case of Run 6 using
equation (2) for the CME radius but a spherical distance relation. On the other hand, Run 5 is distinguishable
from Runs 1 and 3 using the same deﬁnition for the CME radius (equation (1)), from a simple visual inspection.
These results support what already pointed out from the analysis of time series at 1 AU; that is, that the eﬀect
of the CME radius deﬁnition is maximized when using a spherical distance relation at the inner boundary.
Angular extent. From 2-D cuts in the heliospheric equatorial plane we have evaluated the CME angular width
deﬁned as the diﬀerence between the longitude extremes of the CME shape determined using equation (13).
ThemaximumCME half angular width is 44∘ while theminimum is 37∘, with an average value of 38∘. The rela-
tive variation accounts for 19%of the average value. Note that the CME angularwidth deﬁned as input param-
eter at insertion in theheliospherewas𝜔∕2 = 45∘. As shown in Figure 9, theCME shape relative toRun5diﬀers
signiﬁcantly from that of all the other runs in terms of the resulting CME angular extent in IP space. Its compar-
ison with the shape in Run 6 suggests that the diﬀerence in the CME angular extent is related to the equation
used to deﬁne the CME radius. On the other hand, run pairs 1-2 and 3-4 appear very similar to each other.
The comparison of run pair 5-6 with run pairs 1-2 and 3-4 suggests that the radius deﬁnition inﬂuences the
CME angular extent, particularly when the distance relation on the boundary accounts for its spherical nature
(equation (10)). At CME insertion the ratio between resulting CME radii computed by means of equations
(1) and (2) from the CME input angular width parameter is equal to 1.4. Computing the ratio between
the CME IP angular extent in Runs 5 and 6, we obtain a factor of 1.2 of diﬀerence between the two values. For
runs using a planar distance relation, the use of diﬀerent radius calculations has almost no eﬀect on the IP
CME angular width. These results suggest that, except in the case of a spherical distance relation, the partic-
ular radius deﬁnition used has a limited impact on the resulting CME angular extent in IP space. The spread
in the CME angular width considering all runs except Runs 5 and 6 is < 1∘, leading to the conclusion that this
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Figure 9. Two-dimensional cuts in the heliographic equatorial plane showing the background-subtracted radial speed
on 8 June 2008 at 06:02 UT, for the diﬀerent runs. The high-density region at the CME front is delimited by the dotted
contour line corresponding to the threshold condition ndiﬀ
scaled
= 5 cm−3 (background-subtracted). The continuous
contour line corresponds to the condition vdiﬀr = 20 km/s (background-subtracted). The red, green, and blue dashed
lines show the direction toward STA, Earth, and STB, respectively. The dashed circular line marks the 1 AU distance from
the Sun.
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Figure 10. Geoeﬀectiveness predictions: estimate of the magnetopause stand-oﬀ distance calculated using the model
by Shue et al. (1998, top), and of the Kp index calculated using the relation by Newell et al. (2008, bottom), as function
of time. The dashed line in the upper panel marks the geosynchronous orbits at 6.6 Re.
parameter is very weakly dependent on the CME shape implementation in ﬁve cases out of six. The impact is
signiﬁcant (∼ 5∘ − 10∘) only in the case of runs considering the spherical nature of the inner boundary in the
distance relation.
4.4. Geoeﬀectiveness Predictions
To quantify the potential impact of diﬀerent CME shapes on space weather forecasts at Earth, we have used
simulation outputs at Earth to compute
1. themagnetopause stand-oﬀ distance in the subsolar direction r0, using the Shuemodel (Shue et al., 1997):
r0 =
{
(11.4 + 0.013Bz)P
−1∕6.6
dyn for Bz ≥ 0,
(11.4 + 0.14Bz)P
−1∕6.6
dyn for Bz < 0
(15)
where Bz [nT] is the z component of the magnetic ﬁeld in Geocentric Solar Magnetospheric (GSM) coordi-
nates and Pdyn [nPa] is the solar wind dynamic pressure.
2. The Kp index—proxy of the CME-driven geomagnetic activity—by means of the coupling function pro-
posed by Newell et al. (2008):
Kp = 0.05 + 2.244 ⋅ 10−4
d𝜙MP
dt
+ 2.844 ⋅ 10−6n1∕2v2, (16)
where d𝜙MP∕dt is the rate of magnetic ﬂux that is opened at magnetopause, expressed as (Newell et al.,
2007)
d𝜙MP
dt
= v4∕3B2∕3 sin8∕3 (𝜃c∕2). (17)
Here B [nT] is the magnetic ﬁeld magnitude and 𝜃c = arctan (By∕Bz) its clock angle (in GSM coordinates).
Figure 10 compares the results obtained using the EUHFORIA time series at Earth relative to the diﬀerent runs
performed. Both the magnetopause stand-oﬀ distance and the Kp index signiﬁcantly depend on the CME
shape implementation details. The magnetopause stand-oﬀ distance seems to be moderately aﬀected by
the diﬀerent CME shapes tested, with a predicted minimum distance between 7.4 and 6.3 Re. This result also
shows that, in the particular case considered, the CME shape implementation details determine whether the
magnetopausewill be expected to cross thegeosynchronous orbits or not, signiﬁcantly aﬀecting the estimate
of the expected CME geoeﬀectiveness. The Kp index varies between level 7 (corresponding to a strong storm
level according to the National Oceanic and Atmospheric Administration (NOAA) Geomagnetic Storm Scale
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classiﬁcation, http://www.swpc.noaa.gov/noaa-scales-explanation) and level 9+ (extreme storm). This result
deﬁnitely proves the pivotal role played by the CME shape implementation on simulation results, not only in
space but also in terms of the impact on geospace. Geomagnetic storm predictions can diﬀer dramatically
depending on the shape implementation used, and hence, even the simplest notion of “spherical” CME shape
should be carefully handled by model users. In particular, from the Kp plot (bottom panel of Figure 10) we
observe that the maximum Kp gradually increases from 7 (Run 2) to > 9 (Run 5), and we can group the runs
in two sets, according to their diﬀerent estimated impacts: Runs 1, 3, 5 correspond to the most geoeﬀective
conﬁgurations (Kp > 9); Runs 2, 4, 6 have a less strong impact (7 ≤ Kp < 9). Overall, Run 5 corresponds to the
most geoeﬀective conﬁguration, while Run 2 to the least geoeﬀective one. This result proves that the CME
geoeﬀectiveness deﬁnedby theKp index scaleswith theCME radius, reinforcing the idea that the initialization
of the CME radius is the parameter playing the key role on simulation outputs.
Note that, as the current EUHFORIA version models CMEs as nonmagnetized plasma clouds inserted in the
heliosphere without an internal magnetic ﬁeld structure (e.g., a ﬂux rope-like one), the magnetic ﬁeld is gen-
erally signiﬁcantly underestimated compared to observations. Therefore, such estimates may provide just a
lower limit for the CME geoeﬀectiveness, and the impact that a realistic magnetic ﬁeld (e.g., obtained using a
ﬂux rope CME model) would have on the variation of the Kp index predictions cannot be assessed. However,
prediction centers (e.g., NOAA/Space Weather Prediction Centre andMET oﬃce) still employ cone CMEmod-
els to make daily predictions of the space weather condition near Earth. Also, Kp predictions using cone CME
models+empirical relations—similar to theoneused in thiswork—are still widely used to validatemodel per-
formances for both scientiﬁc and operational purposes (see, e.g., Mays et al., 2015). Therefore, we regard the
discussion presented here as relevant given the current operational status and recent research publications.
5. Conclusions
In this paper, we have investigated the notion of spherical CME shape in terms of its implementation in 3-D
MHD heliospheric models and its implications for space weather predictions. In particular, we have used the
newly developed EUHFORIAmodel to test the eﬀect of diﬀerent spherical shape implementations on simula-
tionoutputs at diﬀerentplanetary and spacecraft locations and in termsof theexpectedgeoeﬀectiveness. Fol-
lowing a brief model description and a detailed account of the CME shape deﬁnition in EUHFORIA (section 2),
a detailed study of an artiﬁcial CME event on 6 June 2008 was presented. The input parameters for the sim-
ulated event were chosen in order to be representative of an average CME. In particular, the results have
been obtained for a spherical CME with half angular width 𝜔∕2 = 45∘, and the eﬀects of the diﬀerent shape
implementations are expected to be larger for wider events.
The results of six runs, corresponding to six diﬀerent implementations of a spherical or spheroidal-like CME
shape with a constant radius during insertion in the heliosphere, show that talking about spherical CMEs in
3-D MHD simulations is ambiguous unless detailed information about the implementation of the shape in
the model is provided. Our analysis indicates that all the parameters specifying the CME shape in EUHFORIA
(namely, the CME radius, the CME opening angle in time during insertion in the heliosphere, and the distance
relation at the inner boundary) signiﬁcantly aﬀect simulation results, both in terms of the resulting global CME
shape as well as in terms of the predicted in situ plasma properties at 1 AU. Above all, the deﬁnition of the
CME radius is the parameter having the greatest impact on simulation outputs. The main results of our work
can be summarized as follows.
1. The in situ parameters are sensitive to the CME shape implementation at all the locations considered.
However, spacecraft located away from the CME direction of propagation, that is, spacecraft hit by the CME
ﬂanks are more sensitive to the CME shape implementation than spacecraft located near or along it.
2. The CME arrival time variability at diﬀerent locations is between 2 and 9 hr, accounting for 6% to 14% of
the average CME travel time. Spacecraft hit by the CME ﬂanks (e.g., STA and STB) showed a higher variabil-
ity in the arrival time depending on the CME shape used than spacecraft near the CME axis of propagation
(e.g., Mercury and Earth). By comparing results at Mercury with those at Earth, the CME arrival time variabil-
ity seems to slightly increase as the CME propagates in IP space. At Earth, the variability in the CME arrival
time due to the particular shape used is about 3 hr and hence is within the arrival time prediction uncer-
tainties at 1 AU as estimated from previous studies conducted using similar models. However, a 6- to 9-hr
variability in the CME arrival time at the CME ﬂanks at 1 AU (i.e., STA/STB) is actually comparable with such
prediction uncertainties. Given these results, we consider of particular importance to take into account the
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eﬀect of the CME shape on arrival times in the case of ﬂank encounters. In general, we believe that model
developers and users should be aware of such eﬀect as it may become more relevant in the future, should
improved prediction capabilities be reached. Special care should be exercised when a new shape or CME
model is employed in the prediction pipeline, as well as while comparing diﬀerent CME models.
3. The eﬀect of the CME shape on background-subtracted speed peak values is between 36 km/s and 81 km/s
depending on the spacecraft location considered, accounting for up to 117% of the average peak value
at STA. The eﬀect of the CME shape on background-subtracted number density peak values is between
13 cm−3 and 45 cm−3, accounting for up to 190% of the average peak value at STB. The eﬀect of diﬀer-
ent CME shapes tends to be higher at the CME ﬂanks, and an eﬀect due to the solar wind background is
observable comparing results at STA and STB.
4. The eﬀect of the CME shape on the CME-driven perturbation duration is between 4 and 23 hr, accounting
for up to 39% of the average duration at 0.3 AU, for example, at Mercury, and for up to 45% at 1 AU, for
example, at Earth.
5. The resulting CME shape in IP space seems to be quite similar in ﬁve runs out of six. One run (5) resulted
in a signiﬁcantly wider CME than the others. This result is due to the combination of radius-distance rela-
tions used, such that the eﬀect of the radius deﬁnition used is maximized by the distance relation at the
inner boundary. In conclusion, simulation results seem to be particularly inﬂuenced by the CME radius def-
inition, especially when a spherical distance relation is used (see Runs 5 and 6). The secondmost important
parameter is the opening angle proﬁle (see, e.g., Runs 1 and 2, or Runs 3 and 4).
6. The CME geoeﬀectiveness predictions obtained by means of empirical models are strongly aﬀected by
the speciﬁc shape implementation used. In the particular case considered, the CME shape implementa-
tion details determine whether the magnetopause will be expected to cross the geosynchronous orbits
or not. The predicted Kp index varies between level 7, corresponding to a strong storm level according to
the NOAAGeomagnetic Storm Scale classiﬁcation, and level 9+, corresponding to an extreme storm. These
results give an estimate, for the ﬁrst time, of the eﬀect of the CME shape on geoeﬀectiveness predictions,
and they conﬁrm the importance of CME shape implementation details for space weather applications.
In this work we have shown and quantiﬁed, for the ﬁrst time, the importance of the CME shape implemen-
tation details in 3-D MHD heliospheric simulations employing a cone CME model. Our results prove the
importance of such geometrical parameters for both scientiﬁc and space weather purposes, and it is shown
that they particularly aﬀect predictions at locations hit by the CME ﬂanks (for a discussion on the behav-
ior of the model at the CME ﬂanks compared to in situ observations, see Pomoell & Poedts, 2018). With this
work we therefore aim to encourage model users to approach CME shape deﬁnitions in a more critical and
systematic way. Although we cannot draw any conclusion about which shape implementation can best ﬁt
observations,wepoint out that among the six realizations considered, theonly onemathematically consistent
with a spherical CME crossing a spherical inner boundary is the realization used in Run 6.
In this work we only consider the case of a CME launched from the solar equator. However, we reckon that
CME shape implementation details may aﬀect CMEs launched out of the solar equatorial plane even more
than the CME event discussed here.
Finally, we stress the fact that here we have considered only spherical or spheroidal-like CME shapes: more
complex CME shapes may have a larger impact on the in situ properties. In this sense, more extensive vali-
dation studies testing the eﬀect of diﬀerent nonspherical CME shapes, diﬀerent CME speeds, half widths and
density proﬁles, and diﬀerent solar wind backgrounds, on EUHFORIA simulations, are needed.
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